Abstract. Near infrared spectroscopy (NIRS) is a developing technique that measures the balance between muscle oxygen consumption and oxygen supply that is noninvasive and potentially portable. Differential absorption of light in the 600-900 nm region detects the changes in small vessel hemoglobin oxygen saturation and blood volume. Recent developments include the combining of multiple light sources and photodetectors to provide "images" of oxygen saturation and blood volume of wide regions of muscle. Using multiple NIRS imaging device, we monitored localized muscle metabolism during various exercises in the field as well as in the laboratory. In healthy subjects, the regional differences in oxygen saturation and blood volume were detected in the medial head of the gastrocnemius muscle during a standing plantar flexion exercise, consistent with differences in intramuscular pressure. Patients with peripheral arterial disease (PAD) showed slower recovery for both oxygenation and blood volume after exercise. Treatment for PAD resulted in improvements in NIRS-measured recovery times. In summary, NIRS devices have the ability to detect and monitor impaired muscle circulation. In addition, NIRS devices with multiple channels have the potential to evaluate the regional differences in oxygen status. Multiple NIRS imaging devices have the potential to play an important role in monitoring exercise prescription and clinical uses.
Introduction
Pulmonary ventilation supplies the alveoli with fresh air, which contains a high concentration of oxygen. The oxygen, which is combined with hemoglobin (Hb), is transported to the tissues via circulation, and then, it is consumed within the tissues (e.g., muscle). In order to evaluate this process in humans, the noninvasive evaluation of oxidative metabolism is required. Currently, the most powerful noninvasive method for monitoring oxidative metabolism is nuclear magnetic resonance spectroscopy (NMRS). This method measures the concentrations of phosphorus atoms to monitor phosphocreatine, phosphate, ATP, and hydrogen ion concentrations [1, 2] . In addition it uses proton concentration to monitor myoglobin oxygen saturation [3] . The disadvantage of the NMRS method is that it is very expensive and very difficult to perform, and is limited to a few locations around the world.
Near infrared spectroscopy (NIRS) appears to be emerging as the preferred technique for measuring muscle metabolism [1, 2] . NIRS monitors the tissue oxygen level by measuring optical absorption changes in oxygenated and deoxygenated hemoglobin and it allows the noninvasive measurement of the balance between oxygen consumption and oxygen supply. The key advantages of NIRS are that it is relatively inexpensive and easy to use. In addition, current devices can be small and portable. This review will evaluate the use of NIRS to study muscle metabolism, and focus on recent developments in NIRS technology to monitor multiple locations at the same time.
Principle of NIRS technology
Early applications of NIRS to measure oxygen status in various human tissues were made by Jöbsis [4] and Chance [5] . The methodology of NIRS involves the detection of differences in light absorption from tissues. NIRS has a number of different approaches, which include: (1) continuous-wavelength spectroscopy [6] , (2) spatially-resolved spectroscopy [7] , (3) time-resolved spectroscopy [8] , and (4) phasemodulation spectroscopy [9] . In this review, we describe the essential aspects of continuous-wavelength spectroscopy, which is most commonly used. Near infrared light in the range of 700 to 900 nm is used in the NIRS device because of its ability to penetrate into the tissue. In a simple case, two wavelengths, 760 and 850 nm, are used ( Fig. 1) . At around 760 nm, deoxygenated hemoglobin has a higher absorbency, and at around 850 nm, oxygenated hemoglobin has a higher absorbency. Changes in tissue hemoglobin oxygen saturation will change the relative absorption of light at these two wavelengths. Changes in total hemoglobin concentration (blood volume) will change absorption at both The signals of 760 and 850 nm were subtracted to estimate the change of oxygen saturation and added for estimation of the change of blood volume. These parameters are calculated as follows:
where A and B are constants determined by the absorption coefficient of oxygenated and deoxygenated Hb and the optical path length of both 760 and 850 nm; K is a constant assuming that the mean value of the oxygenated and deoxygenated Hb absorption coefficient at two wavelengths is nearly equal to the absorption coefficient of the isosbestic point.
For obtaining a reflected-light signal from skeletal muscle, the light source and the photodetector (PD) are typically separated by 2.5 to 3.0 cm. As shown in Fig. 2 , the near infrared light penetrates in a shallow arc with a banana shape. The penetration depth is one-half of the separation between the light source and the PD (approximately 1.25 to 1.5 cm). This means that longer separation distances result in deeper penetrations, but also result in less light reaching the detector. The actual penetration depth is very difficult to measure, and varies with hemoglobin concentration and with the thickness of tissue (skin and fat) [10, 11] between the light source and detectors and the muscle. This is the primary difference between the use of NIRS with reflected light and the use of NIRS in transmitted light (such as pulse oximeters where the light pathlength is known).
Important notice for measurement
The inability to accurately measure pathlength with reflected NIRS means that this method is not able to provide the absolute oxygen saturation in the tissue [12] . A number of studies have reported absolute values, by using multiple pathlengths, 3-4 wavelengths, and with phasemodulated NIRS. However, these approaches have not been completely successful in human studies [11] . Therefore, it is hard to compare the raw data (o.d.) among various subjects. In order to compensate for them, some studies have used "physiological calibrations" [13] . The muscle oxygen level was determined by the resting value as 100% and then inducing arterial occlusion (200-300 mmHg) to obtain the lowest value (0%). Though arterial occlusion can be uncomfortable and inappropriate for some subjects, this method is typical and allows comparison among subjects.
The approach of calculating a time constant of recovery or a half-time of recovery is also useful because recovery kinetics doesn't require knowing the absolute signal intensity [10, 14] . The rate of recovery of oxygen saturation after exercise or ischemia indicates the capacity of oxygen utilization and oxygen delivery.
Studies in muscle metabolism using NIRS
Oxygen uptake estimated from pulmonary gas exchange parameters has been used as an indirect index for muscle metabolism. NIRS has made it possible to directly and noninvasively measure the localized muscle metabolism. A number of studies have used NIRS to measure the muscle oxygen status of working muscles. Figure 3 shows the typical changes in oxygen saturation during cycling at five constant Fig. 3 . Continuous recording of the oxygenated hemoglobin trace of the vastus lateralis muscle during cycling. The symbol S means start point for each exercise and F means the finish point for each exercise [15] . Note the progressively decreasing signal (hemoglobin desaturation) with increasing work level.
work rates [15] . With increasing work rate, oxygen saturation at vastus lateralis muscle decreased progressively. In the beginning of exercise, oxygenated Hb increased due to the increments of cardiac output and muscle blood flow. Thereafter, with increasing exercise intensity, oxygenated Hb decreased due to the increments of oxygen consumption and oxygen extraction in the working muscle. During recovery, oxygenated Hb increased rapidly due to the greater oxygen supply to muscle (hyperemia). Previous studies have measured oxygen status in the thigh or calf muscles during cycling [15] [16] [17] , rowing [14] , skating [18] , knee extension [19] , ankle plantar flexion [10, 20] , and in the arm muscles during arm cranking [21] , elbow flexion [22] , or finger flexion/hand grip exercise [13, 23] . These measurements have been conducted in the field as well as in the laboratory.
NIRS measures the muscle oxygen status in the small blood vessels, capillaries, and intracellular sites. Muscle oxygen status has been correlated to localized muscle activity such as myoelectric activity and change in blood lactate concentration [15] . NIRS measurements have also been correlated with phosphocreatine measurements with NMRS [24] .
Multiple NIRS imaging device
A recent development with NIRS is the combining of multiple light sources (tungsten flashlight bulb) and photodetectors, and it allows the 2-dimentional imaging of oxygen status [25] [26] [27] . While similar in principal to previous single channel NIRS, the multiple NIRS imaging device can measure the oxygen status in several different areas at the same time. This is a big advantage over previous NIRS. This device has been produced for measuring brain and muscle metabolism. In one of these NIRS imaging devices, dual wavelength spectroscopy (760 and 850 nm) was adopted [25] [26] [27] . The sensor included three rows of three light sources and two pairs of photodetectors (Fig. 4) . The size was 7 × 12 cm and the measurement area was 4 × 10 cm. The nine light sources illuminates the nearest photodetector pair consequently for a short interval, with 3 to 8 sec required for a complete cycle of data acquisition (12 photodetector pair combinations). The separation between light source and photodetector was 2.5 cm. The outputs of the optical sensor were connected to a 12-bit AD converter, set to have a minimum step of 0.304 mV, and it was considered to be within the noise level of the photodetector/amplifier. The absorbance values during a task were computed and subtracted from the baseline value. These values were processed by a direct back projection algorithm and presented as a 64-pixel image based on all possible combinations of light source/photodetector. For display purposes, the 64-pixel images were color coded, using a continuous Fig. 4 . Diagram for multiple NIRS imaging device (modified from [25, 28] ). This imaging device has 9 light sources and two sets of photodetector pairs. It produces signals from 12 different areas. Fig. 5 . Typical image of changes for oxygen saturation and blood volume during rest and exercise. Scale shows the optical density (modified from [28] ). These results were obtained with the imaging device shown in Fig. 4 . Note the uniform signal at rest and the difference in signal with exercise (lateral versus medial heads). The location of the imaging device is shown on the right of the figure. color scale, from red to blue. A positive number represented deoxygenation or increased blood volume, while a negative number represented oxygenation or decreased blood volume.
Studies in muscle metabolism using multiple NIRS imaging device
Some studies have reported heterogeneity for muscle metabolism determined by the multiple NIRS imaging devices [27, 28] . Figure 5 shows the typical two-dimensional displays of time-related changes in oxygen saturation and blood volume during rest and standing plantar flexion. When comparing between the medial and lateral heads, the medial head had greater deoxygenation during standing plantar flexion. Within the medial head of the gastrocnemius muscle, oxygen was not uniformly distributed throughout the muscle, but instead was consistently different in the proximal and distal areas; the distal portion had greater deoxygenation and decrement of blood volume during exercise, and it had greater oxygenation and increment of blood volume compared with the proximal portion (Fig. 6 ). Regional differences in oxygen status within one muscle are consistent with regional variations in pressure or stress distribution caused by complex muscle architecture [28] . Reduced blood flow to the distal portion of the gastrocnemius muscle as the result of greater intramuscular pressure would increase oxygen extraction and result in greater deoxygenation. Fig. 6 . Typical changes for oxygen saturation and blood volume during rest, exercise, and recovery. Scale shows the optical density (modified from [27] ). Note the differences in oxygen saturation and blood volume between the proximal and distal portions of the medial head of gastrocnemius muscle. Fig. 7 . T 1/2 for oxygen saturation and blood volume in PAD (opened and closed square) and healthy subjects (opened circle). The larger number indicates greater severity of PAD. No. 5 and 6 indicate the data after taking medication (modified from [31] ).
Magnetic resonance imaging (MRI) and NMRS have been used to examine the heterogeneity in muscle recruitment and metabolism in individual muscle [1, 2, 29, 30] . The resolution of MRI is excellent, although it is limited to the providing information on muscle activation levels. Localized NMRS provides excellent exercise information on metabolic intensity, but it has limited signal time resolution. Furthermore, both methodologies require the use of a huge bore magnet. The advantage of the multiple NIRS imaging device is that it is much less expensive, simpler and portable.
This multiple NIRS imaging device can be applied not only to muscle research, but also to rehabilitation [31] . People with peripheral arterial disease (PAD) have larger decrements of oxygenation and blood volume with exercise and they have slower recovery following exercise. Figure 7 shows the half time of recovery (T 1/2 ) for oxygen saturation and blood volume. T 1/2 for both oxygen saturation and blood volume was slower in PAD patients compared with healthy subjects. However, two PAD patients had faster T 1/2 values after taking medication to improve their circulation. These patients reported reduced symptoms of PAD including greater ability to walk without pain as determined by the subjective judgment of a medical doctor. While clinical assessment of PAD severity is less precise than numerical indices such as ankle branch index or arterial blood flow using Doppler measurements, the agreement with changes in clinical symptoms of PAD suggests that a multiple NIRS imaging device is a valuable tool for screening the presence or severity of peripheral vascular disease during the rehabilitation period.
New approach in multiple NIRS imaging device
Previous NIRS imaging devices, however, had some problems: (1) the light sources did not cycle fast enough, reducing time resolution, (2) the distance from the light source to photodetectors were fixed. In order to eliminate for these problems, we developed a new NIRS imaging device. A block diagram of this device is shown in Fig. 8 . The optical sensor has one light emitting diode (LED) source module (15 mm diameter) and eight photodetectors modules (15 mm diameter). The reflected light from human tissue is received by the photodetectors. The detected signal is amplified by cascading amplifiers, one of which is mounted in each photodetector. The amplified signals are stored in a personal computer through an A/D converter board. Each of the LED with drive circuit module and the photodetectors with amplifier module is molded into a cylindrical shape. The diameter of each cylindrical module is 15 mm. The detector modules are connected via the source module to the second amplifier array and the computer with wires.
One of the interesting points is that the light source module and the photodetector modules are adaptable for arbitrary arrangement according to the muscle size or placement. The use of one LED light source provides a faster time resolution (signal from eight regions in less than 0.5 sec). Another point is that this upgraded device can allow various displays of oxygen status such as oxygenation, deoxygena- tion or blood volume via line graph (A), bar graph (B), or color coded graph (C) (Fig. 9) . We believe that it is easy for subjects to recognize how much and which area oxygen is utilized.
Though it has already been applied to the brain metabolism and cancer detection, multiple NIRS imaging device is also useful for measuring muscle metabolism. The final goal of this approach is to assist in the exercise prescription, exercise therapy, and clinical uses.
